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Recently, the generation of high power terahertz (THz) waves with electric fields of 0.1-1 MV/cm has been achieved using ultrashort laser pulses. [1] [2] [3] [4] [5] [6] In contrast with optical radiation, THz waves can not only access low-frequency atomic and molecular motions directly but can also accelerate conduction electrons without any interband excitation. Exploiting these advantages, non-thermal and nonlinear phenomena induced by intense THz electric field transients have been demonstrated in a wide range of materials, notably dielectrics, [7] [8] [9] semiconductors, [10] [11] [12] and semimetals. 13, 14 However, notwithstanding their fascinating electromagnetic properties, very few studies have been devoted to metallic systems.
Among these, gold (Au) has been widely studied in the fields of microelectronics and biosensing because of its high conductivity and chemical stability. Ultrathin Au films can manifest unique electromagnetic properties that deviate strongly from those of the bulk material, depending on their morphologies; for example, an insulator-to-metal transition (IMT) induced by a percolating network, 15, 16 huge surface plasmon-enhanced electric fields applicable to optical bio-sensing, 17 percolation-enhanced THz generation, 18 and quantum tunneling between Au grains. 19, 20 Owing to these unique electromagnetic properties, Au nanostructures are promising candidates for a new class of integrated nanocircuits and plasmonic devices. In this context, improved control of Au nanostructures and of their electromagnetic properties in nanometerscale are highly desirable.
To explain the dielectric properties of inhomogeneous metal nanostructures, effective-medium theories such as the Maxwell-Garnet 21 and Bruggeman 22 models have been proposed. However, these models struggle to describe systems with strong carrier localization arising from carrier backscattering at grain boundaries-this occurs when the grain size of the nanostructures becomes comparable to the mean free path of conduction electrons at the Fermi energy (e.g. 25- 23 In such cases, a phenomenological Drude-Smith model is generally used to explain the carrier response of inhomogeneous metal nanostructures. This is an extension of the simple Drude model, that has only been applied however in narrow frequency windows. 16, [23] [24] [25] [26] [27] [28] In the present study, large THz-field-induced opacity is demonstrated in Au nanostructures.
The experimental THz transmissions and complex dielectric spectra are well described by the phenomenological Drude-Smith model over relatively broad frequency ranges of 0.35-1.25 THz and 13-100 THz. With increasing THz electric field strengths, the THz transmittance decreases dramatically in the percolated Au nanostructures, indicating that intense THz electric fields induce a unique nonlinear transportation of conduction electrons.
Ultrathin Au films with different average thicknesses were deposited on a 500 µm-thick high resistivity Si(100) wafer covered by a native oxide of about 2 nm thickness. 29 High-resistivity Si is used to avoid nonlinear effects from the substrate under intense THz irradiation. 14, 30 All films were prepared by sputtering and without any post-annealing to obtain Au nanostructures that were both isolated and percolated. The surface morphology of the Au films was investigated by scanning electron microscopy (SEM). The maximum field strength of the incident THz electric field was 340 kV/cm. The inset shows the power transmittance spectrum. 6 configuration. [2] [3] [4] [5] The THz pulses with a beam diameter of 700 µm were incident normally on the Au films. Peak field strengths of up to 340 kV/cm were tuned using a pair of wire-grid polarizers.
The THz wave was recorded after passing through the Au film using electro-optic (EO) sampling with a 400-µm-thick GaP crystal. We confirmed that the transmittance of the plain Si substrate (T Si = E Si / E air = 0.7) showed no variation on the incident THz field strength, ensuring that any nonlinearities in the EO detection were negligible in our experimental condition. All the measurements were performed at room temperature under nitrogen gas atmosphere. 8 is typically the result of an IMT. 16 The most striking feature in Fig. 2(a) is that the transmittance decreases with increasing the THz electric field strengths, which only appears above the percolation threshold (> 15 nm). This strongly indicates that electrons in percolated Au films play a crucial role in the observed nonlinearity. To evaluate the nonlinearity, we define the THzfield-induced transmittance difference as ΔOD(E) / OD(E weak ), where
, and OD(E) and OD(E weak ) are respectively the average optical densities at a given THz electric field strength, E, and at the weakest field strength, E weak . To confirm the presence of an IMT, infrared transmission spectra were measured using a conventional Fourier transform infrared (FT-IR) spectrometer. These are combined in Fig. 3(a) , for various film thicknesses, with THz transmission spectra under the weakest THz electric field of 40 kV/cm. As shown in Fig. 1(a) , for thicknesses below the percolation threshold (< 15 nm), the Au nanostructures are isolated so the transmittance decreases with frequency in the IR region due to a tail of localized surface plasmon resonance located at higher frequency. In the THz region, on the other hand, the film becomes transparent because of the absence of free carriers, 
Here, n 2 is the dielectric constant of the Si substrate, d is the thickness of the ultrathin Au films, υ c is the velocity of light, and T/T 0 is the complex electric field transmittance of the Au films relative to that of the bare Si substrate. Figure 3(b) shows the real and imaginary parts of the dielectric constant for a 15-nm-thick Au film at the weakest field strength of 40 kV/cm. To discuss the dynamics of conduction electrons, the data were fit to the Drude-Smith model 24 using (2) 11 plasma frequency decrease because of the depolarization effect, 16, 34 as confirmed by fitting the broadband transmittance data shown in Fig. 3(a) . When evaluating the THz-field-induced nonlinearity, on the other hand, the plasma frequency was kept fixed at the value corresponding to the lowest electric field for all samples, because the energy of the THz pulses is far below the interband transition energy. The damping constant and the localization parameter were however kept as adjustable parameters. The resulting fits, shown in Figs 12 nonlinear behavior can be understood by considering electron delocalization under strong electric field of THz pulses. We believe that electron delocalization occurs mainly through electron tunneling, which is suggested in the dc field experiments. 36 When a sufficiently strong local field is applied to a nanometer-scale insulating bridge, the insulating channel becomes conductive due to inter-grain tunneling, leading to less electron backscattering and thereby lowering the damping constant. Note that the characteristic time required to complete the electron tunneling is sufficiently short compared with the oscillation period of the THz electric field (~1 ps). 37 The THz electric field is therefore regarded as a quasi-static field for the tunneling process, and as a result, it could effectively produce the nonlinearity.
Note finally that this nonlinear response is repeatable, not irreversible-as is for instance material breakdown. 38 The reversibility was confirmed by the THz transmission measurement with low field strength after intense THz irradiations. Any irreversible change was observed in Our findings-large THz-field-induced opacity and/or nonlinear electron delocalization in percolated Au nanostructures-should prove useful for controlling and enhancing the unique electromagnetic properties of metal nanostructures on the picosecond timescale, which more generally, will be useful for future microelectronics and nanometer-scale plasmonic devices. 39, 40 In 
